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We describe here the nuclear gene for a yeast protein showing unexpectedly high homology with mammalian aldo/keto 
reductases as well as with p-crystallin, one of the prominent proteins of the frog eye lens. Although it could be proven 
that the gene occurs as a single copy in the haploid yeast genome, replacement of the intact by a disrupted, nonfunctional 
allele led to no obvious phenotype, indicating that the gene is dispensable. The gene was assigned to chromosome XV. 
It is transcribed in vivo into an mRNA of about 1300 bases with a coding capacity for a protein of 312 amino acids 
(estimated M, 35000). 
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1. INTRODUCTION 
Crystallins, the major protein components of 
the vertebrate eye lens, comprise 20 to 60% of the 
wet weight of the lens, depending on the species ex- 
amined. They fall into various classes named LY, p, 
y, a,~, Q and 7. While some of them are present in 
all vertebrate eye lenses (a, fi and y), the occur- 
rence of others is restricted to certain animal 
families or is even species specific. Investigations 
over the past few years accumulated evidence that 
most crystallins are structurally and, in some cases, 
functionally related to proteins present in other cell 
types [l]. These findings led to the theory that the 
vertebrate lens, being of late evolutionary origin, 
has been constructed with proteins which original- 
ly fulfilled normal metabolic functions. 
common frog [2]. In confirmation of the above 
theory even higher homology (about 42% identical 
amino acids) was found with mammalian aldo/ 
keto reductases [3-51. We assume the product 
of the gene GCY to have a related function. 
2. MATERIALS AND METHODS 
2.1. Yeast strains and growth conditions 
The work on yeast in our laboratory supports 
this hypothesis. The amino acid sequence deduced 
from an open reading frame on plasmid 
pUHC15-2 showed close homology (37% identical 
amino acids) with e-crystallin from the European 
The Saccharomyces cerevisiae wild-type strain D273-IOB 
MATm (ATCC 25657) was grown on 1% yeast extract with 
either 2% galactose, 3% glucose or 2% lactate as carbon 
sources. Strain DLl MATcu, his3, leu2, ura3 [6] and disruption 
mutants of GCY, named gcyD0 and gcyDD0, MATa, his3, 
leu2, ura3, gcy::LEUZ were grown on semisynthetic medium 
supplemented according to their auxotrophies. Yeast strain 
DczHl-1B MATa, leul, heml-1 [7] was grown in the absence 
of heme in galactose containing, semisynthetic medium sup- 
plemented with Tween 80 (2.5 mg/ml), ergosterol (12pg/ml) 
and 50 pg/ml of each leucine, methionine and tyrosine. Induc- 
tion of heme-dependent transcripts was done by adding 15 pM 
deuteroporphyrin IX to a tenfold concentrated culture of 
DczHl-1B and allowing 3 more hours of growth. Anaerobiosis 
of cells, grown in the medium described for DczHl-1B under an 
atmosphere of nitrogen, was tested by the expression of the 
ANBl gene [8]. 
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bacterial recipient. Gene disruptions were carried out as 
described by Rothstein [9]. 
2.3. Labelling methods and blotting procedures 
Nick-translation and fill-in reactions for labelling DNA 
fragments with protruding 5’-ends were made according to 
Maniatis et al. [lo]. The double-stranded plasmid DNA se- 
quencing method described by Chen and Seeburg [l l] was used. 
Mapping the St-ends of transcripts by primer elongation and 
preparation of total yeast RNA was done as described previous- 
ly [12]. Southern and Northern blots were performed by the 
original methods as described by Maniatis et al. [lo]. For 
hybridization under stringent conditions 5 x Denhardt’s, 0.2% 
SDS, 1 M NaCl and 50% formamide at 42°C were used. 
lOOpg/ml herring sperm DNA and 0.5 to 1.5 x lo6 cpm of 
radioactive probes per 10 ml hybridization solution were added. 
3. RESULTS AND DISCUSSION 
A library of genomic yeast DNA in E. coli was 
screened using a competitive hybridization assay 
with duplicated colony filters. The procedure 
employed polyA+ RNA isolated from a heml-1 
yeast mutant strain and was originally performed 
to favour the isolation of genes transcriptionally 
activated by heme [ 131. One of the isolated clones 
contained the plasmid pUHC15-2. Various 
fragments, spanning the whole 3.7 kb BamHI 
DNA insert (fig.lA), were subcloned and se- 
quenced. Two complete major reading frames 
were detected, one of which was identified as the 
gene for yeast profilin, an actin-binding protein 
[14]. The other (GCY) is transcribed convergently 
from the opposite strand (fig.lB,C). The 
nucleotide sequence of GCY (fig.2) potentially 
codes for a protein of 312 amino acids (estimated 
M, 35000). The absence of contiguous 
hydrophobic stretches and of presumptive 
secretarial or mitochondrial cleavable prese- 
quences implies a cytoplasmic location. 
Genomic DNA was digested by several restric- 
tion endonucleases which do not cut within the 
coding sequence of GCY and hybridized in a 
Southern blot to a nick-translated 800 bp HpaII 
fragment. Only single signals appeared in each lane 
(fig.3B) arguing that the GCY sequence is unique 
in the haploid yeast genome. Hybridization of 
chromosome blots, obtained after transverse alter- 
nating field electrophoresis, with the same frag- 
ment exhibited one signal that could be attributed 
to chromosome XV (not shown). This result was 
verified by successively probing the same blot with 
markers for this and other chromosomes (shown in 
[14]). Additional proof was obtained from tetrad 
analysis demonstrating genetic linkage to ADE2 
u41. 
To prove transcription of GCY, Northern blots, 
prepared from total yeast RNA, were hybridized to 
a 1.2 kb PvuI/HindII fragment. The auto- 
radiogram shown in fig.4A exhibits one signal in 
each lane which corresponds to an RNA of about 
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Fig.1. (A) Restriction map of the genomic yeast DNA inserted into pUHC15-2; (B) detailed restriction map of the 1.7 kb region 
comprising the 3 ’ -part of PFY and the complete GCY gene; (C) arrows indicate the direction of transcription of PFY and GCY; (D) 
sequencing strategy for the fragment shown in B. Abbreviations used: A, AfuI; B, EamHI; D, HindII; E, EcoRV; H, HindIII; P, 
HpaII; R, RsaI; T, TaqI; V, PvuIl; X, XhoI. 
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-355 
-276 AATCRATCTAGCACGCAGATTGCAAACACGGCTTAATAATTCGCACACC 
-196 GCTGCTCTCCTTAATTCCCTAGAGTAGAAACCGAGCTTTCAGGAAAAGACTACGGCAGTAAAGAATTGCTTTACTGGGCG 
-116 
cl 0 . . 
TATAAAACCGGGAGAATCAAGACATTCTMTGACTTGATTCAGGATGAGAGCTTAATAGGTGCATCTTAGCAAGCTAAAA 
M P A T L H D S T K I 
-36 TTTGGACAGCTCTCATTACTAAATTAAGATAGAAAA ATG CCT GCT ACT TTA CAT GAT TCT ACG AAA ATC 
34 
LSLNTGAQIPQIGLGTWQSK 
CTT TCT CTA AAT ACT GGA GCC CAA ATC CCT CAA ATA GGT TTA GGT ACG TGG CAG TCG AAA 
94 
ENDAYKAVLTALKDGYRHID 
GAG AAC GAT GCT TAT AAG GCT GTT TTA ACC GCT TTG AAA GAT GGC TAC CGA CAC ATT GAT 
154 
T A A I. Y R N E D Q V G Q A I K D S G V 
ACT GCT GCT ATT TAC CGT AAT GAA GAC CM GTC GGT CAA GCC ATC AAG GAT TCA GGT GTT 
214 
PREEIFVTTKLWCTQHHEPE 
CCT CGG GAA GAA ATC TTT GTT ACT ACA AAG TTA TGG TGT ACA CAA CAC CAC GAA CCT GAA 
274 
VALDQSLKRLGLDYVDLYLM 
GTA GCG CTG GAT CAA TCA CTA AAG AGG TTA GGA TTG GAC TAC GTA GAC TTA TAT TTG ATG 
334 
H W P A R L D P A Y I K N E D I L S V P 
CAT TGG CCT GCC AGA TTA GAT CCA GCC TAC ATC AAA AAT GAA GAC ATC TTG AGT GTG CCA 
394 
T K K D G S R A V D I T N W N F I K T W 
ACA AAG AAG GAT GGT TCT CGT GCA GTG GAT ATC ACC AAT TGG AAT TTC ATC AAA ACC TGG 
454 
E L M Q E L P K T G K T K A V G V S N F 
GAA TTA ATG CAG GAA CTA CCA AAG ACT GGT AAA ACT AAG GCC GTT GGA GTC TCC AAC TTT 
514 
SINNLKDLLASQGNKLTPAA 
TCT ATA AAT AAC CTG AAA GAT CTA TTA GCA TCT CAA GGT AAT AAG CTT ACG CCA GCT GCT 
574 
N Q V E I H P L L P Q D E L I N F C K S 
AAC CAA GTC GAA ATA CAT CCA TTA CTA CCT CAA GAC GAA TTG ATT AAT TTT TGT AAA AGT 
634 
K G I V V E A Y S P L G S T D A P L L K 
AAA GGC ATT GTG GTT GAA GCT TAT TCT CCG TTA GGT AGT ACC GAT GCT CCA CTA TTG AAG 
694 
I? P V I L E I A K K N N V Q P G H V V I 
GAA CCG GTT ATC CTT GAA ATT GCG AAG AAA AAT AAC GTT CAA CCC GGA CAC GTT GTT ATT 
754 
S W H V Q R G Y V V L P K S V N P D R I 
AGC TGG CAC GTC CAA AGA GGT TAT GTT GTC TTG CCA AAA TCT GTG AAT CCC GAT CGA ATC 
814 
K T N R K I F T L S T E D F E A I N N I 
AAA ACG AAC AGG AAA ATA TTT ACT TTG TCT ACT GAG GAC TTT GAA GCT ATC AAT AAC ATA 
874 
S K E K G E K R V V H P N W S P F E V F 
TCG AAG GAA AAG GGC GAA AAA AGG GTT GTA CAT CCA AAT TGG TCT CCT TTC GAA GTA TTC 
K * 
934 AAG TAA TTGTTTTTGCGTGTTTCTCGTATGATTGTAATATGTAGATTGTCGATAT 
1012 
1092 
1172 TTACCTGCATAAATTA 
Fig.2. Nucleotide sequence of the region shown in fig.lC and deduced amino acid sequence of GCY. The TATA-like element 
(underlined), transcription termination signals (overiined), major (0) and minor (0) mRNA initiation sites are indicated. 
125 
Volume 238, number 1 FEBS LETTERS September 1988 
A B 
1 2 3 1 2 3 
Fig.3. Southern blot hybridization to examine genomic copy 
number of GCY. (A) pUHC15-2 and (B) genomic yeast DNA 
restricted with BarnHI (lanes l), Xhol (lanes 2) and Hind11 
(lanes 3). 
1300 bases. The RNA in lane 2 was extracted after 
induction of heme-dependent transcription by ad- 
ding deuteroporphyrin IX to the cultures [15]. It 
can be seen that the RNA from uninduced cells 
(lane 1) exhibits an even stronger signal as com- 
pared to that from induced cells, due to a higher 
RNA concentration in lane 1. Hybridization of the 
same blot with a probe from the constitutively ex- 
pressed actin gene (fig.4B) reveals that the relative 
signal strength of GCY mRNA is about equal in 
both lanes. According to the assumption that heme 
is the mediator of oxygen availability [15], also 
RNA extracted from anaerobically (lane 4) and 
aerobically (lane 3) grown wild-type yeast was 
analyzed and revealed no difference in GCY 
mRNA content either. Both results imply that the 
procedure for isolation of clone UHC15-2 was not 
selective for GCY and bears no significance for 
regulation of GCY transcription by heme. 
Determination of the 5’-ends of the mRNA was 
achieved by annealing a 58 bp HinfI/RsaI frag- 
ment, located 21 to 78 bp downstream of the AUG 
start codon, to total RNA derived from galactose- 
grown yeast and by its elongation with murine 
reverse transcriptase. Two major and two minor 
transcription initiation sites were found as in- 
dicated in fig.2. A potential TATA element is pre- 
sent (underlined in fig.2) 52-67 bp upstream of the 
5 ‘-ends of the mRNAs. The 3 ‘-terminus of the 
transcripts has not yet been determined, but 
several canonic termination signals [ 131, one of 
A 
B 
5 
- 1300 tl 
u - 1450 b 
Fig.4. Northern blot hybridized with GCY (A) and Actin (B), 
respectively. RNA from strain DczHl-IB, heml-1, after 0 h 
(lane 1) and after 3 h (lane 2) of growth in the presence of 
deuteroporphyrin IX. RNA from wt D273-10B grown on 
galactose with (lane 3) and without 02 (lane 4). RNA from the 
disruption mutant gcyDD0 grown on galactose (lane 5). 
them on the opposite strand, could be found 
(overlined in fig.2). 
Further attempts aimed at the identification of 
the function of the GCY gene product: as a first 
approach, the gene was disrupted by replacement 
of the internal 850 bp EcoRV/HindII fragment, 
encoding the N-terminal half of the presumptive 
polypeptide, by a 2.3 kb HpaI fragment carrying 
the LEU2 marker gene. The haploid yeast strain 
DLl was transformed with the linear construct, 
carrying the disrupted gcy::LEU2 gene on a 3.2 kb 
HindIII/BamHI fragment. LEU transformants 
were selected and tested for correct displacement 
of GCY by genomic Southern blotting. The blot 
was probed with both, the original 1.8 kb Hin- 
dIII/BamHI fragment of pUHC15-2 (fig.SA) and 
a LEU2-derived fragment (fig.SB). It can be seen 
that the length of the genomic fragment in strain 
gcyDD0 is increased by the insertion as expected, 
when compared to the wild-type (fig.SA). After 
hybridization with a LEU2-specific probe, a signal 
appears at a position identical with the wild-type 
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Fig.5. Southern blot of genomic DNA from DLl (lanes 4) and 
three independently isolated disruption mutants of the gcyDD0 
type (lanes 1,2,3), restricted with BumHI plus HindIII, 
hybridized with a GCY- (A) and a LEU2-specific probe (B). 
LEU2 fragment in aaaltlon to the one 
characteristic for the disruption (fig.SB). Lack of 
transcription of the disrupted gene in one of the 
gcyDD0 mutants could be proven by Northern blot 
analysis (fig.4, lane 5). Besides the deletion, a 
similar disruption mutant was constructed by in- 
sertion of the 2.3 kb HpaI LEU2 fragment into the 
EcoRV site in the GCY coding region (gcyD0). The 
growth behaviour of both types of disruption 
mutants and the wild-type was compared. No dif- 
ferences were found, concerning growth rates on 
lactate, galactose, glucose or minimal media and 
adaptation rates determined after a change of car- 
bon sources even after long term shift experiments 
(20 days). As the disruption mutants are viable in 
the haploid state and exhibit no obvious phenotype 
it must be concluded that the gene in question is 
not important in yeast under the metabolic condi- 
tions tested. 
Comparison of the nucleotide and the deduced 
amino acid sequences with published data from a 
combined sequence data base (Pfeiffer, F., 
personal communication) revealed extensive 
homology with three mammalian enzymes: aldose 
reductase from rat eye lens [3], aldehyde reductase 
from human liver [4] and prostaglandin F synthase 
from bovine lung [5]. These enzymes comprise one 
representative from each of the three subgroups of 
the aldo/keto reductase family [16]. They exhibit 
largely overlapping substrate specificities. About 
60% homology (identical plus homologous amino 
acids) of GCY is observed with all three of them 
(fig.6), so that it is not possible to assign GCY to 
pos.150 pm.171 
~~~ 
PCS.256 l * l l PCs.278 
2.3 *RGYVVLPXGVNPDRIXTNRXIP 
PGP QRGVVVLAXGFHKKRIXEHMQVP 
ALD 
10 
QXKVrCIPXGITPsRILQNIXVP 
ADC QRNLVVIPKSVTPARIAENFXVF 
PXC QKGIVVLAKGFTPA 
Fig.6. Alignment of three homologous blocks from the amino 
acid sequences of GCY, {-crystallin (FRC), aldose- (ADO) and 
aldehyde reductase (ALD), and prostaglandin F synthase 
(PGF). Block 3 contains the presumptive reaction center of 
mammalian aldo/keto reductases [19], marked by asterisks. 
Position numbers refer to the deduced amino acid sequence of 
GCY. Identical (bold characters) and homologous amino acids 
are boxed. Homologous amino acids are P, A, G, S, T; L, M, 
I, V; H, K, R; W, Y, F; Q, N, E, D. 
one of the subgroups. Although the mammalian 
enzymes are well characterized with respect o their 
activities and substrate preferences, there is little 
idea about their cellular functions [ 161. Some 
evidence exists that they may be involved in the 
manifestation of diabetic tissue damages [17]. 
Surprisingly, the deduced amino acid sequence 
of GCY was also pronouncedly homologous with 
e-crystallin from the frog eye lens [2]. The GCY 
gene product shares 59% identical or homologous 
amino acid positions with e-crystallin (fig.(i). At a 
first view this relationship between a yeast and an 
eye lens protein does not make sense. But recently, 
the exploration of eye lenses yielded results that do 
not further isolate this highly specialized tissue 
from other body cells. In different animals the 
fiber cells, building up the lens body, seem to use 
a variety of proteins for lens construction which 
are identical or closely related to enzymes that 
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fulfill quite ordinary metabolic functions in other 
cells: e.g. e-crystallin is identical with LDH-B4 
from bird heart muscle [ 181; 6- and T-crystallins are 
homologous to argininosuccinate lyase and 
enolase, respectively [l]. In the further course of 
evolution some of the genes for these proteins were 
pertained [181, whereas others were duplicated and 
modified in their primary structure in such a way 
as to allow their products to fulfill better their 
function as lens proteins at the expense of their 
original enzymic characters. These proteins are 
highly overexpressed in lenses - a single crystallin 
may comprise up to 40% of the weight of the lens. 
An aldo/keto reductase may be the ancestor of Q- 
crystallin [3,5]. An aldose reductase occurs in its 
active form in rat lenses, where it reaches concen- 
trations up to 0.2%. In Rana temporaria such a 
protein may have been recruited as a crystallin by 
overexpression, perhaps after gene duplication. 
The discovery of a yeast protein homologous to 
an eye lens protein could shed light on the evolu- 
tion of lens proteins in higher eukaryotes: A highly 
specialized tissue, like the eye lens, may have 
developed using suitable cellular proteins (for in- 
stance an aldo/keto reductase) that are present 
even in lower eukaryotes like yeast in an 
ancestorial form. It may fulfill its original function 
in this organism which, however, seems to be not 
essential. Perhaps in frog similar ‘unimportance’ 
was one parameter that allowed the recruitment of 
this protein as a crystallin specific for this species. 
Further analysis of GCY and the identification of 
the natural role of its product in yeast may clarify 
this hypothesis. 
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